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SUMMARY

Local heat transfer, equilibrivm  temperatures,
and wall static pressures hare been measured on a
cirewlar eylinder at yaw angles of 0°, 10°, 20°, 10°,
and 60°. The Reynolds wwmber range of the tests
was from 11X o 43X 0% based on eylinder
diameter.

TInereasing the yaw angle from 0° to 40° inereased
the stagnation-line heat-transfer coefficients by 100
to 186 percent. A further increase in yaw angle to
60° caused a fJ0-pereent decrease in stagnation-line
heat-transfer cocfficients.

At zero yaw angle the boundary layer over the
entire front kalf of the eylinder was laminar but at
yaw angles of 40° and 60° ¢t was evidently completely
turbulent, ineluding the stagnation line, as deter-
mined by comparison of local heat-transfer coefficients
with theoretical predictions.  The level of heating
rates and the natwre of the chordwise distribution
of heat transfer indicated that @ flow mechanism
different from the conventional transitional boundary
layer may have existed at the intermediate yaw angles
of 10° and 20°. At oll yaw angles the peak heat-
transfer cocfficient vecurred at the stagnation line
and the chordwise distribution  of  heat-transfer
coefficient decreased monotonically from this peak.

The average  heat-transfer coefficients over  the
frout half of the eylinder are in agreement with
previous data for a comparable Reynolds number
range.

The theoretical  heat-transfer distributions  for
both laminar and turbulent boundary layers are
ealeulated directly from simple quadrature formulas
derived in the present report.

INTRODUCTION

Design studies of hypersonie lifting vehicles have
generally indieated that acrodynamie heating may
be reduced by using highly swept configurations
with blunted leading edges.  For laminar boundary
lavers the effect of sweep angle A on the heat
transfer at the leading edge is usually taken as cos
A as shown by the data of Feller (ref. 1) who
measured the average heat transfer on the front
half of & swept evlinder.  More recent data (refs.
2 aml 3) have indicated that the effect of sweep
may be more nearly cos®?A which, a1 a sweep
angle of 75°, would result in a 50-pereent reduction
of the heat transfer predicted by the cos A varia-
tion.  The data and theory of reference 4 also
indicate a cos*? A varintion but the theories of
references 5 and 6 indicate a variation somewhere
between cos A and cos* A for large stream NMach
numbers.,

The data of reference 7, in contrast to the in-
vestigations just cited, showed large increases in
average heat transfer to a circular leading edge
with inereasing A up to a A of about 40°. These
increases in heat transfer were probably eaused
by transition to turbulent flow which apparently
resulted primartly from the inherent instability
ol the three-dimensional boundary-laver flow on
a yvawed eviinder. The leading-edge Reynolds
numbers of reference 7 were considerably Lurger
than the values in veferences 1 10 4 and were also
larger than typical values for full-scale leading
edges ol hypersonie vehicles; hence, the main
applicationt of the high Reynolds number tests
will probably be to bodies at angle of attack.

tSupersedes declassificd NASA Memorandum 2-27-591, by Ivan E, Beekwith and Fames T, Gallagher, 1959,
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In reference 8 it was shown that, even for bodies of
moderate fineness ratio at angles of attack of about
20° or more, the heat transfer in a turbulent
boundary laver is nearly the same as that for a
turbulent boundary layer on a comparable yawed
evlinder of large aspeet ratio.  The laminar theory
of reference 9 predicts essentially the same result;
that is, the heat transfer on a slender cone at an
angle of attack of about 15° is already the same as
that on a correspounding infinite exlinder at 75°
vaw or sweep.

The present investigation was undertaken in
an attempt to understand better and to explain
the results of reference 7 by means of local
mensurements of  heat transfer to a  cireular
evlinder. The tests were conducted at a stream
Mach number of 4.15 and a stream Revnolds
number range of 1X10° 1o 43X10% based on
evlinder diameter.  The experimental results are
compared with theories for local heat transfer
in both laminar and turbulent boundary Inyers on
yvawed infinite evlinders.  The laminar theory
is based on the similar solutions of reference 10 for
arbitrary pressure gradient,  The turbulent theory
makes use of the integral momentum and energy
equations, simplifiecd by means of Stewartson’s
transformation (ref. 11), together with suitable
assumptions for velocity and thermal profiles,
skin friction, and Reynolds analogy.

SYMBOLS
a constant coeflicient in skin-friction
law (see eq. (3))
@, stagnation speed of sound
& constant in equation (B10)
e, speeific heat at constant pressure
'y evlinder dinmeter
I integral thickness parameter,
Byl VN
[ 1=y )z
0 l 1~ ‘ §
G integral thickness parameter,
by 1732
[ ()]
0 \‘ 1
2 2
v . L, uEAE
17 stagnation enthalpy, ¢, T4 "5
- G
h heat-transfer coeflicient, T
au w
- 7,—T
h heat-transfer parameter, ; ,LT; 8,
aw w

k thermal conduetivity

l
M

n
N,
P
@

q
q
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referenee length

Mach number

reciprocal of exponent in skin-friction
law (see eq. (3))

Prandtl number (0.7 used in all cal-
culations except as noted), fz}f

pressure

resultant  velocity in  transformed
coordinate systen, (724 172

local heat-transfer rate per unit area

heat transfer in transformed coordi-
nate system defined by equation
(A5)

Revnolds number based on diameter,
pigl)

n
recovery fuctor
temperature

chordwise veloeity in transformed
coordinate system (see eq. (A4))

chordwise veloeity

resultant velocity

spanwise velocity in  transformed
coordinate system (see eq. (A4))

spanwise velocity

chordwise coordinate
svstenn; see eq. (A4))

chordwise coordinate (normal to
eviinder axis; physical boundary-
layer system)

coordinate normal to surface (trans-
formed system; see eq. (A4))

coordinate normal to surface (physi-
cal boundary-layer system)

angle between loeal streamline and

(transformed

eylinder axis

pressure gradient parameter (see eq.
(B11))

rutio of specific heats (1.40 used in all
aleulations)

thermal boundary-layer thickness

velocity boundary-layer thickness in
transformed coordinate system

integral thickness parameter,

(=)

stmilarity variable
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0*
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Subscripts:

e
aw

¢

u:

AY

angular distance around eylinder
from stagnation line in a plane
normal to evlinder axis

enthalpy profile parammeter =11,
. =11,

integral thickness parameter,

1T AT

integral thickness parameter,
Ny )
I < (1—8)Z
JNO [ 1

integral thickness parameter,

A
f (1—6)lZ

vaw angle  (complement of acute
angle  between  free-stream  flow
direction and eyvlinder axis)

viscosity cocefficient

cocflicient of kinematic viscosity, u/p

density

shear at wall

shear in transformed coordinate sys-

tem defined by equation (A5)

average

zero heat transfer at wall over entire
surface

local  equilibrium  wall  conditions
(vanishing local heat transfer)

laminar

component normal to eylinder axis

free-stream stagnation conditions

external surface of heat-meter plug

reference  point  within - boundary
lnyer

resultant

alue ot stagnation line (when used
on a gas property such as p, T
ete., denotes that the property is
evaluated outside the boundary
laver at stagnation line)

turbulent

stagnation conditions downstream of
normal shock

wall conditions

chordwise

spanwise

free-stream conditions ahead of bow
shock

1 local conditions just outside bound-
ary layver

A prime denotes differentiation with respeet to g,

I ! n

APPARATUS

TUNNEL

The tests were condueted in one of the blow-
down tunnels of the Gas Dynamies Branch at the
Langley Research Center. The tunnel is a con-
ventional two-dimenstonal nozzle with a test see-
tion 12 inches wide and 13 inches high. The
nominal Mach number in the test seetion is
4.154+0.03. The stagnation temperature for these
tests ranged between 150° F and 300° F. Further
details of tunnel operation and flow ealibration
may be found in references 7 and 12,

MODELS AND INSTRUMENTATION

Two different models were used in this investi-
gation, The models were cireular exvlinders made
from stainless steel and were the same in all re-
spects except for the type of steel used and the
dimensional details of the heat-sensitive elements
or heat meters, which were similar to those de-
geribed in reference 12, A sketeh showing the
focation of the heat meters {designated as stations
1, 2, and 3) and including pertinent dimensions
applying to both models is presented in figure 1(a).
For all the configurations tested, end plates simi-
[nr to that illustrated for the exlinder at 40° yaw
in figure 1() were used on the models. The dis-
tances that the end plates extended ahead of the
models for all yaw angles are given in the figure,
The width of the end plates was held constant for
all vaw angles.

The first model was construeted of type 304
stainless steel, and water was used as the coolant.,
This model had to be discarded after several tests
at 40° vaw angle had been completed hecause of
erratic dati obtained as a result of the corrosive
action of the water on the electrical leads and heat
meters.  Subsequently, a second model was con-
structed in which an improved heat-meter design
wis used.  The coolant used in this model was
Varsol (hydroearbon solvent, boiling point 150°F
to 200°F), which is both noncorrosive and noncon-
ducting and may be cooled to a lower tenperature
than water. The second model was used for the
remiainder of the tests at vaw angles of 0°,10°,20°,
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Flow
Tunnel wall
Coolant
. ) inlet
Section B-B

end plate

/,r"" *Location of pressure
Ve orifices 0.030 inch
: in diameter

/‘ Heat meter .
/| /u' A deg o
o 075
: {0 ge
/ 20 93
40 a7
60 219

(a)
fay Model installation.
Froere 10 Sehematie diagram of apparatns,  All
dimensions arce in inches,

and 60° The heat meters used in the second
model will be deseribed in some detail.

A sectional sketeh of the heat meter is shown
in figure (). The prineiple of operation of the
heat meter 15 deseribed in detail in reference 12,
Briefly, the two interfaces at the stainless-steel
and constantan joints are the hot and cold june-
tions of a thermocouple eireuit.  The thermooelee-
tric output is then proportional to the quantity

First modei 0005 to 0.0I0 from thin to thick part
Second model = 0.00) to 0003 constant all the

Flange thickness

way around
-Constantan
f‘—ﬁ.Zﬁ?S _A_ - ’Alr si)ocir
et L S
o 045
PP oy
Guard ring-~ - “Stainless steel
(b)

Insulating cement

(b) EFnlarged eross—sectional sketeh of heat meter used in
second model,

Ficvre 1. - Continued.
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of heat flowing through the constantan disk when
steady temperatures are attained. .\ guard ring,
as shown in figure 1(b), was used to reduce heat-
conduction errors.  Type 416 stainless steel was
used for the second model and heat-meter parts
because the thermal conduetivity of this steel is
approxitmately equal to that of constantan with
the result that the meters and model wallure more
nearly homogencous.  Carelul measurements were
made of each of the components so that after the
units were soldered together the thickness of the
flanges and  copper-constantan joints would bhe
known. For these heat meters the total thickness
ol the joints is less than 0.0005 inch.  In reference
12 it is shown that the correction for heat condue-
tion in the flanges depends eritically on the flange
thickness, which, for these meters, was 0.001 to
0.003 inch. The heat meters used in the first model
were similar to those just desceribed except for the
fainge thickness, which was about 0.008 inch, and
the thermal conductivity of the 304 stainless steel
{approxunately  three-fourths of the value for
constantan),

Although extreme eare was used in the construe-
tion of the heat meters it was found that the volt-
age outputs of all three meters were not the same
under similar heating conditions. A ealibrator, a
sketeh of which ix shown in figure 1(c), was then
made. Tt consisted of a copper-constantan heat
meter with two guard rings and with one end con-
toured to fit the model.  The second ring of the
calibrator was also a heal meter so that the heat
flux through it could be measured.
of the ealibrator was insulated.

The outside
Copper was used
to insure a uniform temperature distvibution in
the unit.  The upper end of the calibrator wus
heated eleetrieally. A 0.0005-inch plastie film
was used between the calibrator and the model
during calibration to insulate it eleetrieally from
the model.
a heat meter and a constant eoolant flow rate
through the model was established.  After steady
temperatures were obtained, the heat flux through
the calibrator could be ealeulated from the volt-
age output and the known conduetivity and thick-
ness of the constantan in the calibrator

The calibrator was centered over

Sinee
the diameter of the center portion of the calibrator
wis the same as the heat-meter diameter (0.125
meh) and sinee the heat flux through the second
ring ol the calibrator was in all cases approxi-
mately equal (o the heat flux through the center,



LOCAL HEATING DATA AND THEORY ON A YAWED CYLINDER AT A MACH NUMBER OF 4.15 5}

x denotes where copper
leads attached

Copper
QOI0-inch arr spoces Constantan
Type 416 stoinless steel
128
, AL 125

[* 1425 T‘J 1
‘ ke — 250 J
[ =50 fe)

(¢) Enlarged ceross section of heat-meter calibrator.,

Copper

Frevre 1. Coneluded.
1t was assumed that this latter value was the cor-
reet heat flow into the meter. {(Note that when
the calibrator is properly centered over the heat
meter, there is no heat flow into the outer surfuce
of the heat-nieter flange.)  The ratio of this eal-
culated heat-flow rate through the eenter of the
calibrator to the indieated value from the heat
meter in the model was then used as a correction
factor to apply to all test data. The fuctors for
the heat meters in the second model were 1.22,
0.95, and 1.01 at stations 1, 2, and 3, respeetively,
Chromel-aluniel  thermocouples were used to
measure the inside surface temperatures.  The
leads were spotwelded side by side at the inside
surface of the heat meters,
The electrical output of
amplified by a direct-current amplifier and fed
into a self~-balancing potentiometer.  The output
of the thermocouples was fed direetly into a self-
balaneing potentiometer. A similar instrunient,
was used to record stream stagnation temperature,
The stagnation pressure was measured with a
Bourdon pressure gage.  The pressure distribu-
tions on the models were measured on mercury
manometers whenever possible.

the heat nieters was

Gages were used
for pressures exceeding 60 pounds per square inch

eage.  The locations of the pressure orvifices are

shown in figure 1(a).

The model was rotated 180° during the tests
by means of an actuator and pulleys so that »
complete chordwise survey of the heat transfer
and pressure distribution around the evlinder
could he made during a single test.  The surveys
or distributions were thus obtained in planes
normal to the evlinder axis.  The temperature of
the coolant was adjusted by pumping it through
(‘i(]](‘l‘ a cooler (aleohol and dry-ice heat exchanger)

a heater (steam heat exchanger) or any com-
}mmtlon of enchi. The temperature of the Varsol
could be varied from —50° F to 150° I and the
water temperature from 60° F to 200° K.

TEST METHODS AND DATA REDUCTION

The tests were condueted in the following man-
ner. The tunnel and piping system were first
preheated to the desived stagnation temperature.
The model was polished ; then the temperature of
the coolant was adjusted and steady airflow was
established,

Two series of runs were made at each vaw angle,
The first series was made at approximately con-
stant tunnel conditions and the heat rates were
changing the model temperature
The results

changed by
(varying the coolant temperature),
from a typical set of runs at three coolant tem-
peratures are shown in figure 2 where a heating-

is plotted against a wall

o e
Illil[l.

_ (or q.
rate parametel TR

temperature parameter % As pointed out
£
5 %1073
6%, deg
41 c 99 Coolant
<E)I 28 temperature, °F
a 15
3 x 0
9,0 Iy
a
FoToFw 5| S
0

0
-]k — | L ok 1 L J
el 04 08 12 16 20 24 28 .32
To-Tp
P

Trevnre 2. Variation of heat-transfer parameter with
wall-temperature parameter at station 2 for typieal

runs. A=:60°: T,=2350° F; = 1.4x10"
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in veference 12, the slope of these lines is pro-
portional to the heat-transfer coeflicient and the
recovery temperature may be obtained from the
intercept on the abscissa.  Sufficient runs of this
type were made so that the variation of T./7,
with Reyvnolds number was obtained.  Then the
second series of runs was made to obtain the
variation of Ak, with Reynolds number.  This
was done by wvarving the stagnation pressure
which ranged from 230 to 500 pounds per square
inch gage.

All data presented in the report have bheen
corrected by using  the  calibration  constants
previously  discussed. A flange-conduction  cor-
rection, which is deseribed in detail in the appendix
of reference 12, has also been applied to all data.
This correction was taken to be a constant (0.7
for all the meters and is believed to be correet
to within =10 percent according to caleulations
made by the method of reference 12, which uses

AERONAUTICS AND SPACE ADMINISTRATION

measured heat rates and ealeulated plug tempera-
tures.  The plug temperature T, is the outside
surface temperature caleulated from the measured
inside surface temperature and the assumption
of one-dimensional heat flow through the plug.

Radiation has been neglected sinee for all cases
the radintion is very small compared with the
acrodynamie heat transfer.

RESULTS AND DISCUSSION

PRESSURE DISTRIBUTIONS

Pressure-distribution data are presented because
they are required in the theoretieal heat-transfer
caleulitions and also to provide a comparison with
sitnilar data from other investigations (for ex-
ample, refs. 13 and 14) where test conditions and
model end supports or configurations are generally
different.  The present data are plotted in figure 3

as the ratio of pfp, aganst 8% lor A=0°, 20°,
40°, and 60°,

Also shown in figure 3 are curves

P M/V, @
200 x (08 4.15
196 390
1.27
200 3.8
1.63

7
353 20
5.1 408
34 290 Ret. 7
29 198

Fairing of present dato
————— Modified Newtonian theory

led
o e o} o O.O
" v v
a —0
0’ 1 | . o8 i & a &
-20 o] 20 40 60 100 120 140 160 180

80
8%, deg

FrguURre 3.~ -Pressure distributions on cireular exvlinder.
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caleulated from modified Newtonian theory which
predicts the pressure distribution

L _/fﬂ) el gy Vo .
" (] " cos® g +])N (1

where po/p, depends only on the normal Mach
number component.  The experimental values of
P p. however, are scen to be essentially inde-
pendent of the mormal NMach number or yaw
angle and would all fall approximately on one
curve in agreement with the data of reference 13
as shown in reference 4.

The pressure data from relerence 7 have been
converted to p/p, and are plotted in figure 3.
At comparable vaw angles and normal Mach
numbers the data are in good agreement except
at A=60° and My ,==2.07. Thus, even though
the normal Mach numbers arve about tho sue
(2.07 in the present data and 1.98 in rel. 7) the
pressures on the yawed evlinder in the present
investigation are less than those on the unvawed
evlinder of reference 7 up to about 6*=100°.
The trend appears to be the same as that shown
in the data of rveference 4 where the pressures
inerease as the normal Mach number decreases.
This condition indicates that at the lurger yvaw
angles the pressure distribution on a  yawed
cylinder is not solely a function of the normal
Mach number.

Spanwise (parallel to eylinder axis) variations
in pressure were small and  apparently  were
caused by wvariations in tunnel flow which are
shown in the tunnel ealibration data of reference 7

The effect of Reynolds number on the pressure
distribution is also small except on the back of
the eylinder in the separated flow region where the
pressure ratio decreases with inereasing .

HEAT TRANSFER AND RECOVERY TEMPERATURES

Comparison of data and theory at stagnation
line.—The values of the Nusselt number from
station 2 at the stagnation line of the evhinder
are plotted against stlvnn Reyvnolds number in
ficure 4 for A—0°, 10°, 20°, 40°, and 60°. The
lines shown in the figure are the corresponding
theoretical values caleulated  for laminar and
turbulent boundary lavers.

The equation used to caleulate the values
shown in figure 4 for heat transfer in a turbulent

boundary layer at the stagnution line of the

616802—62

.15 7

10 x10°
9!

A=40°

8k
7.,
6,
5- 2
ih
0%
e
3 g
/:‘ ,/ A, deg
s o 60
= /' 7 o 40
2 . /’ 8 20
e ~760° o 10
e a 0
/’ Theory
- Turbulent
/// ——-——Laminar (ref 10)
[ i . | | .
's i 2 3 4 5 6 7 89x10°
/?G)

Freure 4.—Nusselt numnber at the stagnation line, =pan-
wise station 2. Tailed symbols indicate data from
first model

evlinder 1s written
n—1

:<,?[’f-d)l))lr+1 AN, ,<x<at‘_u T, P )u+1(§m Ayl
Ve . Mo jju Pe

49 u, D« lu.)
Ho os A
376w, ?1m dr
where ¢ and n are constants in the Blasius skin-
friction law

= N
T Vn_ .
B()QIE“‘I ((216,) ((;)

For the present calculations these values were
tuken as «=0.0228 and n=4. KEquation (2)
pl‘odivt% zero heat transfer at A=0° and a peak
in stagnation-line heat transfer at A =30° l()ll()\\'o(l
by a decrease in heat transfer of about 40 pereent
from A=40° to 60°. The predicted zero heat
transfer at the stagnation line for zero yvaw angle
is not physically realistic since presumably a
laminar boundary laver would always exist for
these conditions with no possible mechanism
present to cause a turbulent boundary Ilayer.
The complete derivation of equation (2) is given
in appendix A, Briefly, the integral momentum
and energy equations for the turbulent boundary
layer on a yvawed infinite cylinder are solved by
using simplifying assumptions for skin friction,
velocity and  thermal profiles, secondary flow,
and  Reynolds analogy.  Probably the most
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restrictive assumptions in this analvsis ave: (1)
The flat-plat skin-friction law in the form of
equation (3) applies at any point on the evlinder
as determined by loeal boundary-laver thickness
and loeal resultant flow direction; (2) zero second-
ary flow exists over the entire evlinder (correet
at A—=0 and at stagnation line only for A>0);
(3) and the flat-plate Reynolds analogy np[)hvs
between the heat transfer and resultant sheat

The equation used to ealeulate the theoretical
laminar heat-transfer values shown in figure 4 is

Ih 1):'

which is derived in appendix B and applies only
for Np,=0.7 and My .>1.5. Equation (4)
15 based on the exaet solutions of reference 10
for the laminar compressible boundary layer
on vawed infinite eylinders. The principal as-
sumptions reference 10 are constant
speetfie constant  Prandtl number, and
the perfect gas law. The variation of heat-
transfer coeflicient with yaw angle as predieted
by equation (4) can be elosely approximated by
(cos )t for large streanm Mach numbers.  (See
appendix B))

At a yaw angle of 0° the data are in good agree-
ment with laminar theory except at the lowest
Reynolds number where the data are about 8
pereent higher than the theoretieal values. At
a yaw angle of 10° the data are in agreement with
values obtained by laminar theory at the lowest
Reynolds number but, as the Reynolds number
15 increased, the duta become much higher than
values indieated by laminar theory and tend to
approach the line ealeulated by turbulent theory.
The data at a yaw angle of 20° appear to vary
as o toa constant power (straight-line variation)
and are from about 75 to 130 percent higher than
laminar-theory values and about 20 pereent less
than turbulent-theory wvalues. At yaw angles
of 40° and 60° the data are in good agreement
with predictions from turbulent theory.

A possible explanation for the behuvior of
the data at yvaw angles of 10° and 20° is as follows:
Sinee the data at 0° yaw are in agreement with
laminar-theory calculations and the data at 40°
and 60° yaw are in agreement with the turbulent-
theory caleulations, it may be tentatively assumed
that the theories are generally valid.  Then, sinee

h, 11 oy R p, T, 11

k. RV ym T, p

used  In
heats,
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the data at 10° and 20° yvaw agree with neither
theory, the boundary layer at these yaw angles (and
I, range of these tests) is in some transitional
phase.  The tendeney of these data to approach a
straight-line variation with 22, (in the log-log plot)
over such a large range of 22, and A indicates that
some flow mechanisin different from the con-
ventional transitional type of low may be present.
This different flow mechanism  could be the
vortical-type flow first observed by the British
on swept wings (ref. 15) and also reported, for
example, in reference 16, Another factor tending
to indicate the existence of a flow mechanism
(nt yaw angles of 10° and 20°) different from the
conventional {ransitional or turbulent boundary
layer is that the heat transfer at the stagnation
line was always the maximum value measured
while the distribution of heat transfer around
the ceylinder deereased monotonically with in-
(lmsmg 6* up to the separation line of the chord-
wise flow. This condition is in contrast to the
situation on a blunt body of revolution where
conventional transition to turbulent flow is
generally marked by a sudden increase in loeal
heat transfer as shown, for exatiple, in reference
12,

T

The variation with yaw angle Of T mul (

~

1s shown in figure 5. The heat- tl‘lllbl(’l data are a
cross plot of figure 4 at values of 22, ol 1.3 106,
2.0X10°% and 3.5>10%  The recoverv-temperature
data are obtained from plots similar to figure 2 at
Lo = 1.3:<10% The large increases in heat transfer
with inereasing yaw angle up to 40° are clearly
apparentin figure 5. [t may be noted again that at
yaw angles of 10° and 20° the heat-transfer coefli-
cients are below turbulent theory but at yaw angles
of 40° and 60° good agreement between data and
theory is obtained.  The recovery temperatures
deerease with increasing vaw angle as predicted by
both laminar and turbulent theory according to
the equation

(,’I:e) —_p (17,’1,‘:‘;)_‘_,
T\ 1,)°7T,
where the recovery factor » was taken ns N,V
for laminar boundary layers (sce refs. 6 and 10)
and Np/' for turbulent boundary lavers. Al-
though the recovery-temperature
than the theoretical values, the

wttos are less
ariation with A



LOCAL HEATING DATA AND THEORY ON A YAWED CYLINDER AT A MACH NUMBER OF 31.15 9

&)

@®
%10

Do

I,
2.
3.

oW

Theory
—————— Turbulent
— - — Laminar (ref.(0)

ST
Q\'IQ\{
Or——
©
[

! | I ! N
14, x103
12
1ot
o

A, deg

Ficure 5.—Variation of recovery temperature and Nussclt
number with yaw angle A at the stagnation line of the
evlinder from station 2.

from A=20° to 60° tends to parallel the theoretical
turbulent variation. The effect of R, on the re-
covery temperatures was generally less than 1 per-
cent which is considered to be within the range of
experimental errors.

Anindieation of how well the ideal of an infinite
evlinder was realized can be obtained from figure

. .o LD
6 where the spanwise variations of ="~ are shown

for A=0°, 10°, 20°, 40°, and 60° at I, =1.3310%,
23105, and 3.510% The data are cross plots

8

obtained from /»l—]z plotted

ke
spanwise station. These spanwise stations were
located 2 inches apart along a generating element
of the evlinder as shown in the sketeh of figure 1(a).
Figure 6 shows that the spanwise varintions are
within the expected experimental error of £10
pereent except at A=10° and R.=1.3>10" The
reason for the inerease in spanwise variations for
these conditions is probably that transition has
just been initiated at approximately these values of
Aand 2, as discussed in connection with figure 4.

against 2, for cach

6; x103

4 -
2
o (a) J
8-x103
A, deg
o 0
6~ g 10
o 20
a 40
4 60
heD
K 2
@
(b}
0
12; %103

{c)

Spanwise station
(a) I, =1.3"10"
(h) fo_--2.010"%
() R, -=35100

Fiavre 6.— Spanwise variation of Nusselt
stagnation line of evlinder,

number  at

Henee, it can be concluded that, within the experi-
mental aceuracy, the heat-transler data are repre-
sentative of eonditions on an infinite evlinder.
The effect of interference from the end plates on
the bow shock is shown in figure 7 in which two
schlieren photographs of the eylinder at a yaw
angle of 60° are presented.  The flow direction in
these photographs is from left to right and plan-
formi views of the evlinder and bow shock are
shown. In figure 7(a) & portion of the upstream
end plate is visible in the upper left-hand corner of
the figure. A disturbance which apparently origi-
nates at the leading edge of the end plate is seen to
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interseet the bow shock. However, the effect of
this disturbanee is negligible at the center portion
of the exlinder since, as shown n figure 7(b), the
bhow shock is essentially parallel to the evlinder in
this region.

Circumferential distribution of heat transfer and
recovery temperatures and comparison with
theory.—The  experimental values of Nusselt

) .
number }LL at station 2 on the model are plotted

o
against the eircumferential angle 6* in figure 8 for
A—0°, 10°, 20°, 40°, and 60° for several values
of .. All data have been corrected for the cali-
bration constant and heat loss by conduction
through the heat-meter flange as discussed pre-
viously.

Also shown in figures 8(a) to 8(e) are the theo-
retical distributions of l}\[f for corresponding vulues

of L. as computed for Ianminar and turbulent

boundary layers by the approximate methods dis-

cussed 1 appendixes A and B, Both the laminar
< hD

and turbulent values of G were caleulated from

©

the equation

/11_)_71“1)_ h ()
k. ko h, H

where for the laminar boundary layver (appendix BB)

A

AN ISR EA AN [ -
(,/,f‘j ),:(ﬁjl) ;(,/(j‘ AV (7)
AN,

() Flow in vieinity of
upstream end plate,

(b} Flow in vieinity of
station 2,

Fravre 7. --Schilieren photographs of model at 60° vaw.
Optical diztortion in schlicren system causes apparent
slight taper in model. =15 108,
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and for the turbulent boundary layer (appendix A)

“ay N2/ T I/ Als LI
(!)3) ‘___,1,,;“ 2n
lfa] g
g T, i

-G ™ G e

I—.=
]4)
where the wall temperature is assumed to be con-
ChJD) . .
staunt.  The values of A— In equation (6) were
®

obtained from equations (2) or (4). As shown
in the appendixes, the only information needed to
evaluate equations (7) and (8) is the pressure dis-
tribution around the cylinder (experimental pres-
sure distributions were used in all cases except
at A=10°), stream Mach number and stagnation
conditions, yaw angle, and wall temperature.
For the laminar ease the ratios 6,/(8.)s-, from
reference 10 for Np,=1.0 are given in table T.
The caleulations for all values of A were not
extended bevond 8*=100° since flow separation
presumably occurred near this value of 6* as
indicated by the approximately constant value
ol pi/ps for 6*>100° in the pressure data of
figure 3.

For a yvaw angle of 0° (fig. 8(n)), the duta are
seen 1o be in good agreement with Inminar theory
over the entire forward section of the ceylinder,
The data (particularly for the largest Reynolds
number) tend to be somewhat higher than the
laminar theory for 6*260°,  These higher values
may be caused by the nonisothermal wall temper-
atures during the tests. Both the laminar and
turbulent caleulations from equations (7) and (8)
are for an isothermal wall. The curves for
turbulent theory at A=40° shown in figure 8(a)
were caleulated directly rom equations (A11) and
(A12) and are included for comparative purposes.

The data at a yvaw angle of 10° (fig. 8(b:) are in
agreement  with laminar theory at the lowest
Reynolds number; however, for the larger value
of R, the datu are considerably higher than the
values predicted by laminar theory and up to
about 8*==60° are still not so high as the values
predicted by turbulent theory.  (Both Newtonian
pressure distribution and experimental py, p, from
A=0° were used for the theoretieal ealeulations at
A=10° since experimental pressures were not
available.) If the boundury laver at these larger
lues of 2, were of the conventional transition
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TABLLE I RATIO OF HEAT-TRANSFER

COEFFICIENTS
[IFrom ref., 10; Np.=1.0; linear viscoxity relation; zero
transpiration cooling]

| @f;ﬂﬁi for values of ¢, of--

o ° R Rt ‘
‘ 0 0.5 10
H |

1.0 ‘ 2.0 . 1.0274 1. 0484 1. 0608

‘ L5 1. 0158 1. 0282 1. 0352

10 1. 0000 1.0000 | 1.0000

.5 0753 9565 L0448

‘ .2 0514 L0153 . 8885

g 0 . 0268 . 8663 . 8231

1.6 2.0 1. 0373 1. 0602 1. 0720

1.5 1. 0217 1. 0349 1. 0420

1.0 1. 0000 1. 0000 1. 0000

.5 . 0661 L0445 . 0327

.2 . 1320 . R872 . 8612

0 .88 . 8198 7706

3.0 2.0 1. 0514 1. 0747 1. 0849

L5 1. 6302 1. 0438 1. 0498

Lo 1. 0000 1. 0000 1. 0000

S50 . 9500 . 0288 . 9180

L2 LR093 | . 8509 . 8261

0 L8381 ¢ L7478 . 6936

6.5 2.0 | 1. 0684 1. 0891 1. 0972

1.5 1. 0404 1. 0525 1. 0574

1.0 1. 0000 1. 0000 : 1.0000

.5 L9319 L0118 L0034

L2 . 8553 L8103 1 L7004

| o 750 L6510 1L 5966

|

tyvpe, an inerease in heat transfer denoting transi-
tion to a completely turbulent boundary layer
might be expected at some loeation downstream
ol the stagnation line.  Since this increase did not
oceur in the present tests, it may be inferred that
a différent flow mechanisim is present such as the
streamwise vortieal flow observed, for example, in
references 15 and 16, A flow of this nature might
be expected to cause heat-transfer rates inter-
nmediate between the rates for a laminar and
completely turbulent boundary layver and also
would be expected to extend forward to the
vieinity of the stagnation line at sufliciently large
Revnolds numbers.  (See ref. 15.)  Transition
to completely turbulent flow has apparently not
occurred (at least for 75°728*>0) at A=10° and

2; xI0°
RG)
|| /\ 383 x 108
Ao
10 o 128xi08
) : i 222 Experimental data
9 O 383
————— Laminar theory
. Faired experimental dala
8 v+ ———-—— Turbulent theory

(a) A==0°,

Froure 8  -Variation of Nussclt number around
eircumference of exlinder at station 2.

1. £3.810°% not only because the experimental
vilues are below theoretical turbulent values but
also because no peak in heat-transfer rates was
observed us is predicted by the theory for small
values of A, A peak 1 the heat-transfer dis-
tribution is to be expected in a turbulent houndary
laver on evlinders at small vaw angles by analogy
with the corresponding theoretical predietions for
an unyawed evlinder or a body of revelution as
shown, for example, in reference 12,

At A=20° (fig. 8(c)), the experimental data are
well above the theoretieal laminar values and
below the theoretical turbulent values except for
8*>60°,  Here again it may be speculated that a
flow mechanism different from the conventional
transitional type mayv exist since no increase in
heat transfer occurred with inereasing 6* around
the evlinder. The fact that the data for both
A=10° and 20° are higher than theoretical
turbulent values for large values of 6* is probably
an indication of errors in the theory rather than
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4
@
o1.39x108
02.33 Experimental dato
o377
Foired experimental data
Pressure distribution used
_ Modified Newtonian theory
Turbulent
£ theory
_—-- Experimental (with p—sl fromA=O°>
P
—————— Experimental (wwh -55'— from A= O°> L&’gé?‘;r
2 —x103

/Qoe

| | " —

0 20 40 &0 80 100 120 140 16C 180
g7, deg
thy A - 10°.

Fravre 8. -Continued.

the possible development of a turbulent. boundary
laver on the evlinder. That is, the errors caused
by the simplifving asswmptions, such :1512(\1’0
secondary flow, isothermal wall, aund flat-plate
skin friction arve expected to inerease with inereas-
mg  distance front the stagnation line.  (See
appendix A)

In contrast to the results at A—10° and 20°,
the datn at A=—40° (fig. 8(1)) are in fairly good
agreement or are generally somewhat higher than
the theoretieal turbulent distributions over the
entive forward region of attached flow. At A=60°

AERONAUTICS AND

SPACE ADMINISTRATION

1y x103
| PCD
\3.|2x106 P
0r . o 1.31x108
ol.78 Experimental doro
9+ & 302
————— Laminar
g _— Turbulem}The"'y
Faired experimental dato

-
6
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km
5 —
4
3
2 .
|

(c) ~Na
| : ; E | | ; ‘
0 20 40 60 80 100 120 140 160 180
8%, deg

(c) A --20°.

Fraree 8 -Continued.

(fig. S(e)) the theory underestimates the heat-
transfer coefficient for large values of 8* by as
much as 50 pereent whereas at A—40° the agree-
ment between data and theory 1s good except at
.=149>10° and 2.75<10" with (he second
model. On the basis of this comparison, the
boundary layer is probably completely turbulent
(ineluding the flow at the stagnation line) for vaw
angles of about 40° or greater. The larger dis-
crepaney hetween theory and data from the second
=40 is believed to be caused by differ-
ences in heat-meter construetion as discussed in
the section entitled “Apparatus.”  The datua from
the second model are believed to e more nearly
correet,

Downstream from the separation line, which
110°, the
heat-transfer coeflicients for all values of A are
approximately constant,  The values of the heat-
transfer coeflicients in this separated-flow region
are from about 10 to 15 percent of the stagnation-
A=0° and 10° with I,

model at

from figure 3 18 in the vieinity of 6*—

line value except at
L2100

Experimental and theoretical values of the ratio
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A YAWED CYLINDER AT

A MACH NUMBER OF 1.15 13

ol local recovery temperature to stagnation tem-
perature 17,/T, are shown in figure 9. The experi-
mental data were obtained {rom plots similar to
ficure 2 and the theoretical values were caleulated
from equation (5) after veplacing 7',/T, with
13T, Experimental values of p/p, were used to
evaluate 7/, except for A=10° where the pres-
sure ratio distribution for A=0° was used. Over
the front hall of the cylinder the recovery-
temperature data are always below those for the
turbulent theory (figs. 9() to 9(¢)), and at
A==0°, 10°, and 40°, the data are also somewhat
below the laminar theory but at A=20° the data
tend to approach the turbulent theory for 6* >-60°.
At A=60° (fig. 9(c)), the data are between the
curves for the laminar and turbulent theory. In
gencral, then, no definite indications as to which
type of flow is present can be obtained from the
recovery-lemperature data; however, the small

1.00

f @
e gl o | 28x108
7o o 203
& 274
88 a 383
— — — — Laminar
Theory { — - — Turbulent a)
84 ‘ S
1.00

P
= 92
o 6
o 1.39x10
asl a 377
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Theory { ——— - — Turbulent (b)
84 i : : !
1.0C
26
r
‘e
7 .92

o 178xI108

gl 0O 312
— — —— Lamnar
Theory {—-— Turbulent (c)
84 : ! S g
0 20 40 60 80 100 120 140 180 18O
#*, deg
(a) A=0°.
(b) A=10°.
{¢) A==20°,

Frogrnre 9. -Variation of recovery temperature around

circumference of eylinder at station 2,
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Ficuvre 9.  Coneladed,

ditferences  involved are probably  within  the
experimental error.

At A=40° (fig. 9(d)) the values of T/ 7, for the
first ntodel are smaller for 8*>-30° than the values
from the second model.
again presutmably caused by differences in heat-
meter construetion.

Effect of chordwise temperature gradient. The
differences in the heat transfer and recovery
temperature distributions between the first and

This diserepaney is

second models at A~ 40° as shown in figures
S(d) and 9(d) may have been caused partly by the
different chordwise wall-temperature distributions
for the two models.  (Chordwise is here used in
the sense of deseribing the eircumferential dis-
tribution in a plane normal to the evlinder axis.)
These wall temperature distributions are different
beeause of the different coolants used, water in
the first model and Varsol in the second model,
An attempt was made to evaluate this effect of
wall temperature gradients from an additional set
of tests with the second model using water as a
coolant mstead of Varsol.

AERONAUTICS AND SPACE ADMINISTRATION

4l

In figure 10 the ratio 7,/7T, is plotted against
8* for typical runs with the second model for which
water and Varsol were used us coolants.  Since
water 1s a more efficient coolant, the temperature
distribution for the water-cooled model is more
nearly isothermal than that for the Varsol cooled
model, and henee the chordwise temperature
gradients are smaller for the water-cooled model.

Also shown in the upper part of figure 10 are
the ratios of equilibrium to stagnation tempera-
tures that were obtained by using the two coolants.
A qualitative analysis of the effect of upstream
temperature distributions such as those of figure
10 on loeal equilibrium temperature (wall tem-
perature required for zero heat transfer) indieates
that, as the temperature distribution becomes
more nearly isothermal, the local equilibrium
temperature would decrease.
agreement with the present datu since the water-
cooled model was always more nearly isothermal
than the Varsol cooled model.

It ean also be shown that the loeal heat rate
would be smuadler when the upstream temperature
distribution is more nearly isothermal if the local
temperature potential (difference between recov-
ery and wall temperature) is held constant.

The effect of wull temperature gradients on the
Nusselt number or heat-transfer coeflicient is
determined by the relative changes in both the
heat rates and temperature potential.  Nusselt
number distributions from the tests on the second

This result Is in

1.00 -

Coolant
© —— Water
.96 — 0---- Varsol
L
.92
.88
E
7 .84
7o
.80
76 |-
T2t
68 L I | 1 | L | ! |
(0] 20 40 60 BO 100 20 KO 160 80
0*, deg

Frevre 10. -Effeet of coolant on temperature distribu-
tions for A==40° and R_=275%10°% (Daia from
station 1 on the seeond model.)
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model with water and Varsol used as coolunts ave
shown in figure 11. Comparison of these data
indicates that the heat-transfer coeffictent de-
creases more with inereasing 6* on the water-cooled
model.

The data of figure 10 were used to caleulate the
effect of wall temperature gradients in a turbulent
boundary layer by the method of reference 17.
This method is based on an approximate solution
of the integral energy cquation for the incompres-
gible turbulent boundary layer on a flat plate with
a stepwise temperature distribution at the surface
of the plate. The method is extended approxi-
mately to the case of a pressure gradient by using
the difference Tp,— T, rather than 77 asthe depend-
ent variable. The results of the ealeulation for
the temperature distributions of figure 10 indi-
cated that at 0*=90° the heat-transfer coefficient
on the Varsol cooled model would be about 11
percent larger than the value on the water-cooled
model.  This value compares with a value of 20
percent from the data of figure 11,

This discussion indieates that the differences
in the data as shown in figure 11 may be partly
aused by the different wall temperature gradients,
However, the effects are within the experimental
accuracy so that no definite conclusion is possible
except that the larger differences between the data
from the first and second models are not caused
entirely by wall temperature gradients. Tt should
he noted that, although local heat-transfer coefli-
cients at large values of 8* may be influenced by
temperature-gradient effects, the average or total
heat transfer to the eylinder would be changed at

12 -x10®

Coolant
8 o —— Water
"o g ——- Varsol
Ol
4 —
2 -
) I — =8
0 20 40 60 80 100 120 140 160 180

8*, deg

Fravre 11,—Lffect of coolant on Nusselt number distri-
bution at station 1 on model, A=40°;
R_=2.75x10%

=econd

most by only a few percent since most of the total
heat is transferred at small values of 8*.

Average heat transfer over front half of cylin-
der.—The average Nusselt number over the
forward portion of the eylinder from 8*=0° to 90°
was obtained by integration of plots similar to
figure 8. The results have been plotted against
. in figure 12.  Also plotted in the figure for
comparison are data from reference 7 where the
avernge heat transfer to the front half of a L-inch-
diameter copper evlinder was measured divectly.
At comparable yaw angles the two sets of data are
seen to be in good agreement.  Since the small
copper model ol reference 7 presumably had
essentially an isothermal wall temperature distri-
bution, this good agreement indieates that the wall
temperature variations encountered in the present
tests had very little effect on the average heat-
translfer cocfficients.  The reason for this small
effect ean be seen from figure 11 which shows that
different wall temperature gradients such as those
of figure 10 could not have any significant effect
on the average heat-transfer coeflicient over
the front half of the eylinder. Tt therefore seems
reasonable that the average heat-transfer coeffi-
cients Tor an isothermal model would be about the
same as the present results within the experimental
error.

Also shown in figure 12 are the average heat-
transfer coefficients from the turbulent and lami-
nar theories of the present report as discussed in
appendixes A and B, At A=0° the data are in
good agreement with laminar theory but at A=10°
and 20° (fig. 12(a)) the data inerease with in-
creasing Reynolds number and tend to approach
the turbulent theory. Note that these average
data are generally in better agreement with the
corresponding theoretieal results than the stag-
nation-line data of figure 4. The reason for this
better agreement is apparent (rom the distribu-
tions shown in figures 8(b) and 8(c¢). At A=40°
(fig. 12(b)) the data are in good agreement with
turbulent theory. At A=60° the data are about
15 pereent higher than the present theoretical

~lues but are in good agreement with the theoret-
ieal values of reference 7. This latter theory is
based on an average flat-plate correlation formula
using u relevence temperature and the cross-flow
velocity for a yawed eyvlinder. The value of an
empirical constant was obtained from the data of
The agreement between the present

Il

reference 7.
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data and the data of reference 7 indicates that
this sume constant also applies (o the present
data.  The present theory for a turbulent hound-
ary layer (appendix A) is apparently in consider-
able ervor at large values of 8% when A is also large,
possibly because of the simplifving assumption of
zero secondary flow which, for large values of 9%,

would tend to inerease with inereasing A, This

AERONAUTICS

AND SPACE ADMINISTRATION

error is also apparent in figure 8(e) which shows
that the present theory underestimates the loeal
heat transfer by 50 pereent at #* =90° and A=60°,

CONCLUDING REMARKS

Local heat transfer, equilibrium temperatures,
and wall static pressures have been measured on
a cireular evlinder at yaw angles of 0°, 10°, 20°,
40°, and 60°. The tests were made at a stream
Mach number of 4.15 and stream Revnolds num-
ber range of 1 > 10% to 4 > 10° based on evlinder
dinmeter,

The pressure distributions up to the separation
line of the chordwise flow were essentially inde-
pendent of normal Mach number and yvaw angle
A.

At the stagnation line of the evlinder the heat-
transfer coeflicients inereased from 100 to 180
percent, depending on the Revnolds number, as
the Yaw angle was increased from 0° to 40°,  In-
creasing the yaw angle from 40° to 60° resulted
in a 40- polwul deerease in heat-transfer coeffi-
cients, At zero vaw the data are in agreement
with theory for laminar boundary lavers and at
40° and 60° vaw the data agree with a theory for
turbulent boundary layers. At yvaw angles of 10¢
and 20° the data were generally somewhere be-
tween the theoretieal lnminar and turbulent values.

The chordwise distribution ol heat-transfer co-
efficients up to the separation line was n good
agreement with laminar theory at zero vaw angle.
At vaw angles of 10° and 20° the chordwise dis-
tributions were generally above laminar theory
and below turbulent theory., At any given vaw
angle the heat transfer at the stagnation line was
the peak value and the chordwise distribution al-
ways  deereased monotonically from  this peak
The values of the heat-transfer coeflicients
as well as the chordwise distributions at yaw angles
ol 10° and 20° indieated that a boundary-laver
flow mechanism different from the conventional
transitional or turbulent flow nmy have been
present. At vaw angles of 40° and 60° the chord-
wise distributions were in good agreement with
turbulent theory except for large values of 6*
(angular distance from the stagnation line) at
A==60° On the downstream side of the evlinder
in the separated-flow region where the theories do
not apply, the heat-transfer coeflicients were ap-
proximately constant at about 10 to 15 percent of
the stagnation-line value,

value.
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The average heat-transfer coeflicients over the
front half of the eylinder are m agreement with
previous data for a comparable Reynolds number
ange.

The theoretieal heat-transfer distributions for
both laminar and turbulent boundary layers are
aleulated direetly from simple quadrature for-
mulas derived in theappendixes.  Simple formulas
for calenlating the stagnation-line heat transfer
with both laminar and turbulent boundary layers

are also presented.  The theoretical variation of
stagnation-line heat-transfer coeflicient with yaw
angle A is approximately (cos A)! for laminar
boundary layvers but for turbulent boundary layers
the heat-transfer coeflicient inereases at  first,
reaches a maximum at A=30°, and then decreases
about 40 percent from A=40° to 60°.

LANGLEY REsEArcH CENTER,

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
l.anGLEY Atk Force Basg, Va., December 2, 1958.



APPENDIX A

TURBULENT BOUNDARY-LAYER THEORY ON YAWED INFINITE CYLINDERS

The starting poiut of the present analysis is the
integral equations of momentum and energy in
the compressible boundary layver on a yvawed in-
finite eylinder.  These equations may be obtained
directly from appendix B of reference 10 by re-
placing the expressions for laminar shear and heat
transfer with general expressions which include
the effects of turbulent shear and heat transfer.
In terms of a modified Stewartson coordinate
system and for zero normal velocity at the wall,
these equations become

B (T T, o]
Ty [ 2 +( 1) Gy (6110
T ,
= L, (Al
NEE (A1)
dF AU, Ty 1
dxto ax =, (42)
de U( Ldly 1 dt, T
dX (U dN T, —1dX ) pl, e (=T

(A3)

The transformed coordinates and velocities are
related to the corresponding phyvsical quantities
tal .

by the following equations:

N /'TI .N
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The shear and heat transfer in the transformed
svstem are related to the corresponding phivsieal
quantities by the following definitions:

=_wpo 1y
wep, T

(AD)
- weps T,
= ‘L p '\/jv (jzr

where the subseript » denotes quantities evaluated
at some reference point within the bhoundary
layer. Kssentially, the same transformation as
equations (A4) has been used in reference 18 where
wood correlation with experimental skin-friction
duta on insulated plates was obtained by tuking
the reference point in the local free stream, 1In
reference 19 the transformation was used to cal-
culate heat trunsfer in turbulent boundary layers
on blunt bodies, and better agrecment with ex-
perimental data was generally obtained by evaluat-
ing the reference quantities so that the flat-plate
skin-friction relation of relerence 20 was satisfied
when the method was applied to this case.

In order to get a practieal solution to this
system ol equations, several simphfying assump-
tions are made. The basic ideas of the “line-ol-
flow principle” as discussed in reference 21 are
adopted in contradiction to the “independence
prineiple” of reference 22, The data of reference
23, as well as the diseussion of reference 21, indicate
that the independence principle does not apply to
the growth of a turbulent boundary layer on a
vawed flat plate.  In accordance with the line-of-
flow p]'in(‘ipl(‘ it is assumed that the loeal vesultant
shear is a function of the resultant velocity at the
edge of the boundary Javer and that this shear is
related to the heat transfer by a Reynolds analogy.
The effects of a chordwise pressure gradient are
accounted for approximately by expressing the
shear in terms ol local boundaryv-layer thickness.
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The effects of compressibility are aceounted for by
expressing the skin-friction law in the transformed
systent.  The equation for the transformed skin
frietion is then assumed to be of the Blasius type
and 13 written as

I/n
VVI

Tr= \‘/?.\’2+?1'2:Pf;(?|2f1' (
where 8 is the velocity boundary-layer thickness
and =174V 2 is the loeal transformed re-
sultant veloeity at the edge of the boundary layer.
The Colburn modification (ref. 24) of the Reyvnolds
atalogy, ulso expressed in the transformed system,
is

o {_/u' o . 1 ,,?R ( \7)
(.[] Pan ‘ 7111 w 7'11') A‘\rl’rw 4 pu()l ? !

In eeneral, a secondary flow would exist and its
limiting direetion a, at the wall with respeet to
the evlinder axis is determined by the ratio of
chordwise to spanwise shears as given by

(AN)

Ty
tan a,=——
Ty

The velocity profiles are now assumed to be

o Z 1T
["‘ (6) (A9)
=

-

(Z 145
(%)
so that, from the definition of £ and the assump-
tion that sy=46y,

49 ,
ST (A10
5 376 )

Then, from equations (A6), (A8), and (A10),

.

equation (A2) mayx be written as

(A1)

7 376 v Q) cos a,
d “ )

‘\; (l 15)4—10 72? "1 7(5('!‘,)“”

which, for the required boundary condition of
finite 8 at X=0, integrates to

376 (I 1-+n
1+u 7() - Ny Ty Lim 2
5 :i n " J (ﬁ) Ql cos a .Y
Lo o \ Q. vy
[ | n
(A12)

From equations (A5), (A6), and (A7) the general

expression for the heat-transfer coefficient. is

e\ BPr /7,"
(05) cm@ltrly!
(A13)

J= e @
71«1 e ']Yw A“‘\YI

3

HEAT TRANSFER AT THE STAGNATION LINE

On o cevlinder with a blunt leading edge 17,0,
(h—V,, and oy >0 as N->0; henee, from equation
(A11), the expression for §, 1s

n—1
vz Ve :
o, =40 aiv,)' (”r! (Al4)
([4\' X =0

At the stagnation line, equation (A13) becomes

1in

s v L /T? U, py
ho= .. . (,'f) " " ,,‘\(*'Ll
s ;\‘p,g"'{ Oy Crbo (‘ 1) V 11: Mapy )x
(A15)

By substituting equation (A14) for 8, with

72l

. i, )
(1 1)_\_:“'::\“1‘ T g o osin A

(;E/[‘\1 )\ n,,:( ,:Z ) ? (;(,/T )

(from equations (A4)) equation (A15) may be
written, alter some rearranging, as

N

1 H
bl rouaf Up AN pp TR
=N, (~ ) (11 - >
k, SR Mopy /s
w—1 [ , 1
. 41 44 7] N b
{sin A) (,_,('()s A ') "ALG)
376 w, dre/

In terms of a stream  Nusselt and Resnolds

number, equation (A16) beconmes

n
oLy
Pom, T/

w—1 1

. wity 49w, ) [ duy 1+ A=
(sin A) (‘37“#;(054\71: «/-r)s (A17)

H
hol RS TP AN B
e (M)

ke .

for constanl values ol ¢, and Ny, The reference
quantities g, and 7, were evaluated at the wall
temperature for comparison with the experimental

duta of the present report.
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CHORDWISE DISTRIBUTION OF HEAT TRANSFER

According to equations (A13) and (Al14) the
chordwise distribution of heat-transfer coeflicient
would be

»@_(E)”" (.)1 ) \/1 v P #r ros
I’.v_ 6 "1 8. 7 Ps Mz, \r

If the flow at the edge of the boundary laver is
isentropie, then the relation between temperature

r ; 7_1
FJ%( &) ks
T \ ps
The adiabatie energy equation requires that
w2 (l T,)
al  y—1\ T,

so that [rom the definitions of the transformed

veloeities
72 2 1’., 7 )
Wi _1
02

@,

(A1)

and pressure is

Henee,
T, TN\'Y?
G _ [T T,
Vie Qs T

and cquation (A18) may be written as
-l n—1

L 7.7,
ey [Ny

T,
(Ath

From equations (A12), (A1), and (A4), the ratio
of boundary-layer thicknesses is

/I,, duy
(&) "= ,:,t[:{z),,,f' ("J ) J"#r,’"’-wm
N Ju

0, b Nr,wrlvr
e 1,,
+n
( nelo Ryl
,:), ) " 1;1) w08 g dr (A20)
N O P COS

AERONAUTICS AND SPACK

ADMINISNTRATION

where

1

0

e Ty
'a‘f=\~'7~1 () =

) ()

The only quantity as yvet unspecified in equation
(A20) i3 au, the angle of the “wall streamline”

with respect to the evlinder axis. This angle
could be determined from the simultancous solu-
tion of equations (A1), (A2), and (A3) by using
the shear and heat-transfer
tions (A6) and (A7). Such u solution is difficult
to justifly in view of the lack of knowledge coneern-
ing turbulent boundary layers on yawed bodies.
Rather, the simplifving assumption of zero see-
ondary flow is introduced at this point.  That is

COS o=

assumptions of equa-

»ll !
a,—=ay—=tan" - ¢

(A21)
‘ E
which is exactly correct on the stagnation line
and is expeeted to be a good approximation in
the vieinity of the stagnation line. The second-
ary flow affects the heat transfer only through
X COS @y . . .
the factor — " which, for n=4, enters equation
Cos o

(A19) to the 1/5 power. indi-
cates that the assumption of zero secondary flow

This small power

may not have much effeet on the heat-transfer
caleulation except utl large values of X or near
a separation line.  Evaluating the reference quan-
tities at the wall and assuming that the wall
isothermal then gives the form of A/h, shown in
the text as equation (8) where §,/6 1s obtained
"

A20) with J’“ s and /1' =1,
[T

From equations (A7), (’AS'), and (Az21), the
assumption of zero secondary flow results in the
following analogy  between heat  transfer and
spunwise shew

from equation (

e 1T
('ppu‘vl(,yyuzr Iu) I\1' - pu":
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or

Ty Vil 2 Gl

v, Np

ku ( 'lvﬂ w 7'11—)

1 .
§ pnI' IZ

This relation may be written in term:s of physical
shear, heat transfer, and velocities as

Ty pod 2k

l e Ky
2pul

(A22)

A\'['r 1 A'u

which is of the same form as the corresponding
analogy between heat transfer and spanwise shear
for the exact laminar solutions of reference 6. In
terms of the chordwise shear, equation (A22)
becomes the flat-plate Reynolds analogy

X puul] 2 ,1[

Ho A‘?\"Yl’rn3 ka

2
9 Poly
et

which indieates that for zero secondary flow the
effects of chordwise pressure gradient on Revnolds

analogy are neglected,



APPENDIX B

HEAT TRANSFER IN THE LAMINAR BOUNDARY LAYER ON YAWED INFINITE CYLINDERS

SIMPLIFIED SOLUTION AT THE STAGNATION LINE

The results of the exact solutions ol reference 10

are used to caleulate the heat transfer in a laminar

houndary layer.  The basie equation for the heat-
transfer coellicient at the stagnation line of a
vawed infinite evlinder is

O N O L]

ne
where for Ny =07, ks given approximately by
the correlating equation

_ : (R
/zt()..ﬁ( Pkt ) (B2)
Pk

A general expression for the stream Nusselt num-
ber s then

/h-l 05 ‘,“‘Jﬂm g ul A'u'
kN Lk,

/j.“"v P ( / "('/['[]~) 7<’ Pl )
foe cos A SR S
N oo e, de P orbbic/

kY S

044

which, for constant ¢, and Ny, becotnes
hod) . - VT I
, 0.5y | cos A ( - 1)
ke, oy, de
(,U,,,],r >l] w»< p““‘f“‘,\)”?
,U~w " Pl

in terms of the diameter D.

{B3)

The stagnation-line veloeity gradient caleulated
from the moditied Newtontan pressure gradient is

I d 2 . S\
(l ’(/I;l ): uz [3 ;)Z ( : _i)) ):I

which according to rveference 6 is in good agree-
ment with experimental data for My .15,
For a perfeet gas, this expression for the veloeity
gradient becomes

r D du 2 27,7, po N1
(o) =ar - ['y (=" )] me

che)

Substitution of equation (B4) into equation
(B3) then results in the equation
N
_1)]

D - ’ R. u 2T, pof s
k. TAM u. ) v 1\ po\pe
(B5)
where it has been assumed that

(#ll"li\' )UO¢;~ l
n,‘iw']‘u‘r

Because of the small value of the exponent, this
assimption is correct to within 1 or 2 percent over
a wide range of temperatures.  Kquation (B5)
applies only for Np,=0.7 and My . >1.5.

The effect of vaw angle on the heat-transfer
cocflicient 1s obtained from equation (B5) as

171
ooy

Topop.
7‘.\ [)1 [)I__]

P

he w
(/[;;)A\—:U ’\’ Moy

(B6)

which for a perfect gas and Sutherland’s viscosity
temperature law may be closely approximated by
{cos A)LY for large free-stream Mach numbers,
Equation (B6) shows that for given values of
M, and A the ratio AJ(hJs.e Increases with
an inerease in temperature level beeause of the
inerease o w,/u,. This Increase indieates that
the cffeet of vaw as measured in a wind tunnel
may be somewhat different than that measured
in flight.  Thus, Tor M.=40 and A=60°
I )aze 1s about 9 pereent larger at T, =
390° R than at 7.-=160° R. It is of interest to
compare equation (B6) with the result of the
approximate analysis of reference 4. Thus, if a
linear viscosity-temperature relation is assumed
and the restriction of large normal Mach number
(a small yaw angle being implied) is imposed so
that f])f—j;»i:>
p

w©

1, then equation (B6) reduces to

h, TN N\
7(:/m;;\;i,:(\'1‘,;) (j:,)
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which is exactly the same as equation (11) of
reference 4.
CHORDWISE VYARIATION OF HEAT-TRANSFER COEFFICIENT

A general expression for the heat-transfer rate

from reference 10 is
08’
HOG),

o 1])1 (/( 1
([wwﬁ Z[([ T ) f Do 7vn\/‘)1}g (14\
(B7)

where 7 is a similarity variable which can be

written as
L7 (“", e,
|:°1/(, ,1‘\' \)] 4

The ratio of the local heat transfer to the value
at the stagnation line for isentropie flow at the
edge of the boundary layer is then

i'y—]

(]w _ﬁff“ Tu'._.v vu . ]’1) =
Tk 110 s

dl’y | UM 00‘)

AXTX L \on/y
((/1 ) -
dX \017, w, s
where
0% 1[—1111' ]
-1,
- i "
Y A BT DO AN
(:‘1“\/]'1_ W= I 1)1> 1
> (BY)

X:fz@& Ty
o Mo Po 1

Z— /"f e

\ T, o Pou J
If it is asswmed that 8 is a function only of », then
the similar solutions of reference 10 may be used
where 8 has been calculated for various values of
T.JT, T,)T, and g with Np,=1. The ratio
T,/T, is a parameter that depends on yaw angle
and Mach number and g is the velocity-gradient
parameter defined by the velocity distribution for
a similar flow as

e
™

[=0x" (B10)

Solving for 8 gives

(B11)

The simplest way to evaluate 8 is to caleulate
) and X from the required pressure-distribution
data by means of equations (B9) and then sub-
stitute these values direetly into equation (Bll)
('This procedure is unalogom to that of ref. 25.)
The values of ) used in the present caleulations
are shown plotted against .X/I) in figure 13 which
also includes for comparison the values ealeulated
from Newtontan pressure distribution.  The heat-
transfer coeflicient distribution then follows from
equation (BS8) as

sy-1 ’”v'+( g
ok, ”,,5<]11> 7l dX X | K
hy ke T dl A
( AN )

where for the present calculation it is assumed

tllllt
/'\ Np,#L1L.0 hs Np, ]()

Then, since for Np.=1.0, T,,=7,, the following
ecquation may be written:

I ( Lo ]
7” Np,= u s \p,=1.n (0;1-):3:1.0 N pr=1.0

The quantity 6, 1s tabulated in reference 10 as
a function of 7,./T, T,T, and g for N,,=1.
Values of the ratio 6,/(6,)3-; are given in table
I in the present report.

An alternative procedure analogous to the
method of reference 26 is one in which an
“equivalent” wedge flow is found for cach segment
of the given veloeity distribution.  The value of
B is found from the simultancous solution of
equation (B10) evaluated at the end p()intq of
each segment and the equation (from ref. 10)

/2
o z—omi | w.
S 1

evaluated at the first point of the segment where
X is now considered as the chordwise length
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Frovre 13, The variation of transformed chordwise veloeity with transformed chordwise coordinate according to experi-
mental and Newtonian pressure distribution

from the leading edge of the equivalent wedge
flow. A sample calculation carried out by this
procedure resulted in a heat-transfer coeflicient
about 7 pereent less at 6¥*=50° and A=0° than
the value obtained by using the first procedure.
The method of reference 26 also resulted in

larger values of 8, namely, 8—2.00 at §¥*=31.5°
compared with g=1.38 obtained by using the
method of reference 25, Sinece =2 1is the
maximum value (from eq. (B11)) in the similar
solutions, the method of reference 26 c¢ould not
be used for 8*>>51.5° in this particular example.
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